ABSTRACT Knowledge of the total and regional lung retention of particles inhaled continuously by man over long periods can be useful in understanding the potential role of inhaled particles in the pathogenesis of lung diseases. Owing to practical and ethical considerations, however, little or no experimental information exists. A mathematical model of particle retention simulating environmental and occupational exposures has therefore been developed that takes In this paper we present a mathematical model of the regional retention of continuously inhaled particles in the 23 generations of the Weibel A model of the human lung'6 and integrate into it available experimental data. It takes into account the simultaneous processes of deposition and clearance in each airway generation. Deposition fractions are calculated using the mechanisms of inertial impaction, gravitational sedimentation, and Brownian diffusion. Tracheobronchial clearance from each airway generation is modelled after a technique developed by Lee et al. 17 Alveolar clearance is represented as a two-component exponential with short-term and long-term components.
Continuous exposures of the human lung to toxic particles from environmental and occupational sources have been implicated in the pathogenesis of many lung diseases. The focal nature of some of these diseases may be related to regional variations of particle exposure in the lung.
Experimental human studies of the long-term retention of particles inhaled continuously are difficult to conduct because of practical as well as safety considerations for volunteers. Cohen,' Cohen et al,2 and Kalliomaki et aP have measured the long-term retention of magnetite in the whole lung of occupational workers by magnetic techniques. The dynamics of regional accumulation of particles, however, cannot be measured.
An alternative to human investigation has been the use of mathematical models of deposition and clearance,"'3 but these predict only the distribution of particles immediately after a single breath. Brain and Valberg'4 developed a mathematical model of retention of continuously inhaled particles using the ICRP task force odel of the lung. '5 In this model the lung was divided into four regions with the ciliated airways and alveoli each comprising one large compartment.
In this paper we present a mathematical model of the regional retention of continuously inhaled particles in the 23 generations of the Weibel A model of the human lung'6 and integrate into it available experimental data. It takes into account the simultaneous processes of deposition and clearance in each airway generation. Deposition fractions are calculated using the mechanisms of inertial impaction, gravitational sedimentation, and Brownian diffusion. Tracheobronchial clearance from each airway generation is modelled after a technique developed by Lee et al. 17 Alveolar clearance is represented as a two-component exponential with short-term and long-term components. The processes of deposition and clearance are joined together by viewing deposition as a particle "source" in a set of differential equations governing particle clearance."'
Results for the accumulation of particles as a function of time of exposure, regional surface concentration of particles, and integrated dose are shown, as well as the quantitative differences between continuous and intermittent exposures. The effects of particle size, breathing pattern, and variations in lung morphology are also considered.
Model formulation
The determination of the number of particles present in any airway generation, a, at any time, t, after the onset of exposure, is conceptually straightforward. The net rate of change of particle number in airway generation a (designated Rret) is the difference between the rate at which particles enter the generation and the rate at which they leave. This can be represented symbolically as R = Ra Rout (1) Ran depends on the distribution of particles distal to a, the transport rates of particles in generations distal to a, and the time after the onset of exposure. It also depends on the rates at which particles are deposited in generation a from the external environment. Rout depends on the transport rate of particles within a and the time after onset of exposure.
The number of particles in any airway generation (Na (t)) at any time after onset of exposure is obtained by integration of Rnet in analogy with the relationship between airflow and volume. The total number of particles present in the lungs (Nt't (t)) is the sum of all Na (t).
The retention kinetics of continuously inhaled particles may be determined by breaking the formulation into three parts as shown in fig 1. Pathway "a" refers to particles deposited in the tracheobronchial tree and cleared by mucociliary clearance. Pathway "b" refers to particles deposited in the alveoli and transported to the ciliated airways. Particles deposited in the alveoli and cleared by the slow phase follow pathway "c." 
Gerrity, Garrard, and Yeates
The formulation of a mathematical model of particle retention in the human lung thus requires a set of basic assumptions concerning lung morphology, rates of particle transport in the airways, and alveolar clearance.
For morphological data the Weibel A model of the lung16 is used in which the lung is pictured as a symmetric, dichotomously branching system of airway generations. The generations are labelled from 0 (the trachea) to 23 (the terminal alveolar sacs) with the ciliated airways extending to generation 15 Alveolar clearance is represented by a two-component exponential with a rapid component (possibly due to clearance by macrophages'" and free particle transport) and a slow component due to mechanisms such as dissolution. '9 20 In this paper the case of retention of moderately retained particles as defined by the ICRP task force'5 is considered. The clearance half-time of the rapid phase is set equal to 24 hours, and the slow phase is set equal to 68 days. ' reach 95% of Ntot.eq can provide an estimate of the time it takes an individual's lungs to accumulate its maximum lung burden. The surface concentration of retained particles on air-space lumen may be important when considering health effects of inhaled particles. The surface concentrations within each generation are easily computed by dividing particle number by luminal surface area (as computed from the Weibel A dimensions). Of particular interest is the surface concentration at equilibrium designated as C,q. The number of particles per unit surface area that passes over the tissue after a time t may also have a bearing on health effects, and this may be computed from the surface concentration by a further integration over time. This quantity is called the "integrated particle dose" and is designated as D. (t) . The longer the time after the onset of exposure, the higher the integrated dose will be. By the time particle number approaches equilibrium, the integrated dose per generation is increasing linearly with time.
The mathematical derivations of all the aforementioned quantities are presented in the appendix. The interested reader may want to study these, though it is not necessary for a general understanding of this paper.
Application of the model
The model is first applied to the continuous inhalation of a 4 ,um aerodynamic diameter aerosol with a tidal volume of 700 cm3 and a frequency of 25 breaths a minute (minute volume of 17-5 1 Figure 2 shows the accumulation of particles as a function of time (Ntot (t)) during the first 120 hours of a continuous exposure. Because of the rapid clearance of the ciliated airways, retention in these airways approaches an equilibrium condition whereas retention in the alveolar regions continues to increase almost linearly. At 103 hours, the ciliated airways reach 95% of their equilibrium retention value of 5-8 x can be seen that Nt°" (t) approaches a condition of equilibrium. The time required for Ntot (t) to reach 95% of the equilibrium value (Ntot,eq) of 5-9 x 105 is 293 days.
The equilibrium retention value of 5.9 x 105 is important in that it gives a predicted measure of retained mass for a long-term continuous exposure.
If a 100 tg/m3 concentration of particles enters the trachea the equilibrium retention predicted by the model equals 41 mg. If no clearance had taken place the total mass of particles retained in the lung after one year would have equalled 454 mg and would be linearly increasing. So far, only continuous exposure has been considered, but occupational workers are exposed to particles on an intermittent basis. The model is readily adapted to allow for weekends and periods of eight hours of continuous exposure followed by periods of 16 hours of clearance without deposition. In these circumstances retention increases much more slowly than in the continuous case (fig 4) , and equilibrium is achieved in about five years.
The equilibrium surface concentration (C,q) and integrated dose (Da (t)) per airway generation at 293 days have been calculated using eq 11A. Particle size and breathing pattern are extrinsic quantities that can be specified when making estimates of particle uptake. The lengths and diameters of airways in the lungs cannot be defined with such confidence. The Weibel model is used as an approximation to the average human lungs. The effect of deviations of airway geometry away from this average is investigated by allowing the diameters and lengths of airways to vary by an amount Ad and Al respectively. Figure 7 shows total lung equilibrium retention as a function of fractional linear dimension changes assuming that A/d/d = Al/l Ax/x for the 4 rim case. The peak retention occurs when the linear dimensions of the conducting airways are 10% smaller than those given in the Weibel model. In the case of larger dimensions fewer particles are deposited in each breath, whereas in the case of smaller dimensions more and more of the particles are deposited on the ciliated airways from which they can clear faster than from alveoli. Figure 8 shows the range of surface concentrations at equilibrium predicted for variations of ±30% of conducting airway dimensions away from the Weibel dimensions. Although the smaller dimensions dictate higher deposition in large airways and lower equilibrium retention, the smaller surface area on which the particles deposit results in high surface concentrations in the conducting airways.
Discussion and conclusions
Every day the human lung is exposed to a wide variety of particulate insults as a consequence of environmental air pollution. The resulting pathological response of the lung can range over a broad range of disease from pneumoconioses to chronic airways obstruction. These responses are related to the physicochemical nature of the particles and the distribution of particles in the lung.
In this paper a new model of long-term accumulation and retention of continuously inhaled particles has been proposed, which gives detailed information on the relative surface concentration and time in- views, 60% of alveolar deposited particles were assumed to clear by slow processes and 40% by a rapid phase. The particles that clear by the slow processes are assumed to be transported directly into the blood and lymph. Since little is known of the detailed kinetics of particle transport in the alveoli, the rapid phase of clearance is viewed as a two-step process in which particles are first transported directly from the alveoli to the terminal bronchioles, and then are removed by mucociliary clearance toward the trachea. The question of transport from one alveolus to another is avoided. This simplification probably causes a small underestimation of dose and concentration in the respiratory bronchioles.
The apparent discontinuity between surface concentration in generations 15 and 16 is due primarily to the vast difference in clearance half times between the two generations, to the assumption that mucociliary transport suddenly stops at generation 15, and to the symmetric nature of the Weibel model which sets the respiratory bronchioles at the same distance from the trachea regardless of their location within the lungs. In reality there is probably still a considerable increase in retention in the regions of the respiratory bronchioles, though the increase may be more gradual between the ciliated and non-ciliated airways.
The effects on long-term retention of variations in alveolar clearance are straightforward. Longer retention half times result in longer times to achieve equilibrium, higher equilibrium retention, and higher concentrations and doses to the alveolar spaces. Particle size and breathing pattern will alter the magnitude of the equilibrium retention according to the dependence of deposition on these factors. Figures 5 and 6 show the effects of particle size and breathing pattern. The larger the particle size and the higher the flow rate, the more peaked the surface concentration and integrated dose distributions will be in the vicinity of the large airways.
The results shown in figs 5 and 6 represent the distribution of particle number concentration and integrated dose assuming identical particle number concentration in the inspired air. If the same number of particles are deposited from each breath regardless of their volume, however, the surface mass concentration of deposited 10 ,um particles will be five orders of magnitude larger than the 0-5 p.m case. Similarly, if the same mass is deposited in each breath for all cases, the surface number concentration of deposited particles for the 10 p.m case will be three orders of magnitude smaller than the 0O5 p.m case.
Since the effects of an inhaled aerosol may depend on either surface number concentration or surface mass concentration, these differences should be kept in mind.
These calculations suggest that long-term inhalation of toxic particles will produce its major effect on respiratory bronchioles. Should the mucus transport mechanism be impaired, however, the site of highest risk could easily shift from the respiratory bronchioles to the large airways. Calculations show that a tenfold decrease in transport rate would increase the surface concentration in the large airways to levels equal to that in the respiratory bronchioles.
The pattern of surface concentration at equilibrium can be contrasted with that after an acute exposure in which Gerrity et aP' calculated that the highest surface concentration occurs at generation 3. Equation 21A, though, predicts that the timeintegrated dose of an acute exposure numerically equals the surface concentration at equilibrium of a continuous exposure divided by the breathing frequency f. Since the reactivity time of inhaled toxins is important in assessing the health effects of inhaled particles, the actual patterns of risk in the living lung may lie between the acute and continuous surface concentration patterns of the model.
The total lung burden at equilibrium is predicted to be 9% of the total number of particles deposited continuously in one year. An intermittent exposure (simulating an occupational exposure) over a 25-year period is predicted to result in a whole lung retention that is 1.5% of the total number of particles entering the lung during that time. The ashed lungs of workers exposed to silica have been found to retain 2%-5% of their total occupational exposure.'
In summary, the present model of retention is capable of predicting both whole lung and regional accumulation and retention of continuously inhaled particles. Even though only one particle species was considered, the model is applicable to a wide range of particle types and sizes. The calculated whole lung equilibrium burdens are consistent with the sparse experimental information available. The kinetics of retention in the model predict that the large airways and respiratory bronchioles are most likely to evince physiological or pathological responses to continuously inhaled particles. This may also account, in part, for the focal nature of many pulmonary diseases.
Although this model uses many assumptions and complex calculations, it is based on the best available data on particle deposition and clearance and thus represents a rational approach to the problems of lung dosimetry of inhaled particles.
Appendix
We first consider pathway "a". The retention of particles in each ciliated airway generation depends on the rate at which particles enter the generation from distal generations and from the external environment. The retention also depends on the rate at which particles are transported from the generation on the mucus blanket. The net rate of change of particles in generation a due to deposition in generation 13 is given by the following differential equation: -A,, Na(t) 
One of the results of this model is the feature that during a continuous exposure the rate of particle clearance from the lung approaches the rate of particle deposition. When this occurs, the total number of retained particles in each generation reaches a constant which is calculated by allowing t-*oo in eqs 3A, 5A, and 7A. The resulting equilibrium retentions are 15 Nfo(t a)y (a < 15) 
